The diastereoselective [2+2] photocycloaddition of ethylene to a chiral cyclohexenone was studied in a continuous flow microcapillary reactor. In all cases examined, the microcapillary reactor gave higher conversions and selectivity than the batch system, even after shorter irradiation times. These findings were explained by the superior temperature control, favorable light penetration, and generation of a gas-liquid slug flow with improved mass transfer in the microreactor.
Introduction
Photochemical reactions use photons as sustainable reagents for the construction of complex structures that cannot be obtained easily by thermal reactions [1] [2] [3] [4] . Of these, [2+2] photocycloadditions are especially important for the generation of highly strained cyclobutanes [5, 6] . These structures are often used in the total synthesis of biologically active compounds [7] [8] [9] [10] . In contrast, photoreactions are rarely used industrially. One of the main disadvantages of industrial-scale reactions is the low light efficiency of common batch reactors due to the necessity of dilution. Microflow reactors, which are devices with micrometer-sized inner dimensions, have been shown to generally improve the efficiency of photoreactions [11] [12] [13] . Examples of photochemical transformations using low-power light sources and light emitting diodes (LEDs) have been recently reported as well [14, 15] . Despite the increasing interest in microflow photochemistry as a new synthesis tool, reports on asymmetric photoreactions in microreactors and subsequent discussions on the impact of microspace on stereoselectivity are rare and solely concern homogeneous reactions [16, 17] . Previously, our group has reported diastereoselective [2+2] photoadditions of cyclopentene to cyclohexenones with chiral menthyl auxiliaries using a conventional batch and a commercially available microreactor [18, 19] . Compared to the batch process, higher selectivity was achieved under microflow conditions. It was thus expected that microflow reactors enable generally more efficient (in terms of stereoselectivity, yield, and productivity) photochemical reactions. Herein, we present the diastereoselective [2+2] photoreaction of the chiral cyclohexenone with a phenyl menthyl auxiliary 1 with ethylene gas 2 using a continuous flow microcapillary reactor and slug flow conditions (Scheme 1). While capillary reactors and heterogeneous procedures have both been previously applied [20] [21] [22] [23] [24] , asymmetric gas-liquid reactions have not been reported yet. with a common high-pressure Hg lamp (500 W) at its center. The whole setup was submerged in a cooling bath. These design features allowed for a uniform irradiation of the reaction solution at low temperatures. Ethylene gas was utilized directly from a gas cylinder, and its flow rate was controlled with a suitable mass flow controller. A solution of 1 in toluene was injected with a syringe pump and was mixed with the reagent gas in a T-shape μ-mixer (i.d.: 200 μm). Toluene was chosen since it gave the highest selectivity in our previous work [18] . To create a stable slug flow pattern with distinct gas slugs in the liquid carrier flow, the flow rates of gas and solution were both adjusted [25, 26] . The flow rate consequently dictated the irradiation time, i.e. exposure to light in the capillary, which was confirmed using a stopwatch. The present setup did not allow determining the pressure inside the capillary or the number of gas slugs. However, the amounts of ethylene injected in these experiments were estimated to be in large excess over the substrate 1 [27, 28] . The pressure control value at the end of the capillary was used as a safety value to avoid the built up of high pressures.
Reactor Comparison. The diastereoselective [2+2]
photocycloaddition of 1 was initially examined at −78°C (Table 1) . Conversion rates and diastereomeric excess (d.e.) values were determined by proton nuclear magnetic resonance ( 1 H-NMR) spectroscopic analysis of the crude reaction mixture. For experiments under batch conditions, a standard Pyrex test tube (i.d.: 14 mm; λ >300 nm) was used as a reaction vessel. The reaction mixture was purged with ethylene gas before irradiation. An ethylene atmosphere was maintained during light exposure with a suitable balloon. Conversion rates increased with extended irradiation and were complete after a residence time of at least 15 min (entries 1-4). In contrast, the highest d.e. of 53 % in favor of 3a was found after 5 min but dropped slightly upon longer irradiation. Under microflow conditions, complete conversion was achieved after just 1 min, and the d.e. was high with 52 % (entry 5).
The effect of the reaction temperature on the diastereoselectivity was subsequently examined over the range 0 to −78°C (Table 2 ). In line with previous findings [19] , the d.e. values increased in both, batch and flow reactor, as the reaction temperature was reduced. Two types of stacked conformations have been proposed for 1, stacked s-trans and stacked s-cis, both which the phenyl rings of the menthol auxiliary selectively shielding opposite sides of the cyclohexenone structure [18] . At lower reaction temperature, the thermodynamically more stable stacked s-trans conformation is predominantly populated thus yielding the observed major stereoisomer 3a. Diastereoselectivity was slightly increased for the reactions performed under microflow conditions (Table 2B) , which is best explained by the superior heat transfer and therefore more precise temperature control in the micro dimensions of the capillary. Larger differences in d.e. values for batch vs. micro systems have been reported with the more bulky cyclopentene [19] .
2.3. Reactor Performance Parameters. To account for the generally superior performance of the microcapillary reactor, the UV-transmission of substrate 1 at 365 nm was calculated from its absorption spectrum in toluene (Fig. 2) . The transmission through the capillary of the microflow reactor (i.d.: 1.0 mm) was determined to be 86% whereas that of the Pyrex test tube (i.d.: 14 mm) was just 12%.
In addition, the slug flow mode within the microcapillary reactor created a very thin liquid layer of the reaction mixture between the ethylene bubbles and the wall of the FEP tubing (Fig. 3) . In this layer, an even shorter path length (approximately <0.1 mm) and thus an even higher light transparency was achieved. These beneficial effects resulted in an increased population of excited cyclohexenone molecules 1. The large surface area along the gas slugs furthermore resulted in an improved saturation of the reaction mixture with ethylene gas [26] . While the number of gas slugs depended on the temperature and could not be determined accurately, ethylene was provided in large access amounts under all conditions.
The important reactor parameters of the microcapillary system and the Pyrex test tube are compared in Table 3 . For the microreactor, the irradiated area to volume ratio was almost fourteen times larger than that of the Pyrex test tube. Although the same light source (500 W high-pressure Hg lamp) was employed for both reactor systems, the calculated lamp power per irradiated area was significantly increased for the microflow device. As a result, the microcapillary wrapped around the immersion well can harvest the light more effectively than the test tube.
Likewise, the energy efficiencies of both setups were estimated for reactions performed at −40°C, and the results are compiled in Table 4 
Conclusion
A simple but effective microcapillary reactor was constructed and applied to asymmetric [2+2] photocycloaddition reactions. The reactor enabled the creation of a slug flow, which resulted in improved light penetration and mass transfer. When compared to batch conditions, the microflow reactor gave improved conversions and diastereoselectivity. The results clearly demonstrate the superiority of microflow reactors over conventional setup, and this evaluation is shared by recent publications by Abbott Laboratories [30] and Hoffmann-La Roche [31].
4. Experimental 4.1. General. Most commercially available reagents were used without further purification. Spectrograde solvents were used throughout the work. Substrate 1 was synthesized using a modified procedure developed by Corey [18] . Flash column chromatography was performed with Merck silica gel 60 N. All products are known and have been characterized by us previously [18] . Proton nuclear magnetic resonance spectra ( 1 H-NMR) and carbon nuclear magnetic resonance spectra ( 13 C-NMR) were obtained on a JEOL JNM-ECP500 (500 MHz and 125 MHz). using a methanol cooling bath. After a set irradiation period, the solvent was carefully evaporated. The product was purified by column chromatography and was obtained as a diastereoisomeric mixture. The d.e. value was subsequently determined by 1 H-NMR spectroscopic analysis. Products were identified and assigned using data from our previous work [18] . 4.4. Photoreaction in a Flow Reactor. Substrate 1 in toluene (0.05 M) was loaded into a gas-tight syringe. Ethylene gas was provided from a cylinder using a mass flow controller. The T-shape mixer inlets were connected to the ethylene flow controller and gas tight syringe, and the outlet was connected to the irradiation unit. The photoreactor unit was cooled to the desired reaction temperature, and the gas and solution flow rate were adjusted to create a stable slug flow pattern. After stable reaction conditions were achieved, 2.0 mL of solution was collected for analysis. The solvent was evaporated, and the product was isolated by column chromatography as a diastereoisomeric mixture. The d.e. value was subsequently determined by 1 H-NMR spectroscopic analysis. Products were identified and assigned using data from our previous work [18] .
Flow Reactor.

